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Abstract
We present multi-wavelength studies of optically-defined merging clusters, based on the Hyper
Suprime-Cam Subaru Strategic Program. Luminous red galaxies, tracing cluster mass distri-
butions, enable to identify cluster subhalos at various merging stages, and thus make a ho-
mogeneous sample of cluster mergers, which is unbiased with respect to the merger boost of
the intracluster medium (ICM). We define, using a peak-finding method, merging clusters with
multiple-peaks and single clusters with single-peaks from the CAMIRA cluster catalog. Stacked
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weak-lensing analysis indicates that our sample of the merging clusters is categorized into ma-
jor mergers. The average halo concentration for the merging clusters is ∼ 70% smaller than
that of the single-peak clusters, which agrees well with predictions of numerical simulations.
The spatial distribution of subhalos is less centrally concentrated than the mass distribution of
the main halo. The fractions of red galaxies in the merging clusters are not higher than those
of the single-peak clusters. We find a signature of the merger boost of the ICM from stacked
Planck Sunyaev-Zeldovich effect and ROSAT X-ray luminosity, but not in optical richness. The
stacked X-ray surface brightness distribution, aligned with the main-subhalo pairs of low red-
shift and massive clusters, shows that the central gas core is elongated along the merger axis
and overall gas distribution is misaligned by ∼ 60 deg. The homogeneous, unbiased sample of
cluster mergers and multi-wavelength follow-up studies provide a unique opportunity to make
a complete picture of merger physics over the whole process.
Key words: Galaxies: clusters: intracluster medium - X-rays: galaxies: clusters - Gravitational lensing:
weak - Galaxies: stellar content
1 Introduction
Based on hierarchical structure formation scenario of the Cold
Dark Matter (CDM) paradigm, small structures form first,
which grow into more massive objects through matter accre-
tion along their surrounding filamentary structure. Galaxy clus-
ters sometimes merge with less massive clusters, groups, and
galaxies. Minor mergers with a mass ratio < 0.1 are ubiqui-
tous, whereas major mergers with similar-mass are an inter-
mittent event. Even so, various gas phenomena are induced
by major mergers, specifically merger shocks and turbulence,
which gives a significant impact on both the thermal history
and cluster evolution (e.g. Takizawa & Naito 2000; Ricker &
Sarazin 2001; Sarazin 2002; ZuHone 2011). The merging pro-
cess can be broadly divided into three phases; pre-merger (or
early phase), on-going, and post-merger. The early phase of
cluster mergers is the phase before the two cluster cores start to
interact with each other. No significant effect on the intracluster
medium (ICM) is appeared. On-going merger is the phase when
the two cores are passing through. The close interaction triggers
merger shocks, resulting in heating the temperature of the ICM
and increasing the X-ray luminosity of clusters. The increase of
the temperature and X-ray luminosity last on about half of the
sound crossing time, less than a few Gyrs (e.g. Ricker & Sarazin
2001). The feature is well-known as “merger boost”, giving
rise to a significant effect on cluster cosmology (e.g. Krause
et al. 2012; Kay et al. 2012; Yu et al. 2015). At the post merger
phase after cluster passages, gas temperature and X-ray lumi-
nosity decrease because of adiabatic expansion. In some cases,
they become below the initial quantities and regarded as X-ray
underluminous clusters.
During cluster mergers, the physical state of merging clus-
ters is instantly and dramatically deviated from virialization.
∗Based on data collected at Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan.
Furthermore, the merger-induced shocks and turbulence gen-
erate relativistic particles, and diffuse radio emission, so-called
radio relics and halos, are observed in various merging clus-
ters (e.g. Govoni et al. 2004; van Weeren et al. 2010; Feretti
et al. 2012), although the physics of particle acceleration has not
yet been fully understood (e.g. Fujita et al. 2003; Brunetti et al.
2008; Fujita et al. 2015; van Weeren et al. 2017; Akamatsu et al.
2017). It is therefore of critical importance to understand the
microphysical processes underlying cluster mergers and these
impacts on cosmological applications.
Our understanding of gas physics in merging clusters, by X-
ray and radio observations, is limited in the context of the whole
process of cluster mergers. This is because most of observ-
ing targets were chosen from X-ray luminous clusters. Since
X-ray luminosity is non-linearly increased at on-going phase,
we now face to a serious issue of a selection bias toward on-
going phase. Indeed, most of well-known merging clusters are
at the on-going phase, and X-ray observations of early-/late-
phase merging clusters are very limited (e.g. Belsole et al. 2004;
Owers et al. 2013; Akamatsu et al. 2016). Hence, a next study
of merging clusters is demanded to add new insights into the
pool of knowledge on cluster mergers over the whole process
including the pre- and post-merger phase. For this purpose, it
is of vital importance to define a homogeneous merging clus-
ter sample with a selection function independent of the merger
boost of the ICM.
The total mass distribution of galaxy clusters is also affected
by cluster mergers. For instance. the concentration parameter,
which represents the degree of the concentration of the interior
mass density, becomes lower due to the presence of massive
subhalos at some distance (e.g. Neto et al. 2007; Duffy et al.
2008; Bhattacharya et al. 2013; Child et al. 2018). Recent weak
gravitational lensing studies (e.g. Oguri et al. 2012; Okabe et al.
2013; Umetsu et al. 2014; Merten et al. 2015; Okabe & Smith
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2016; Cibirka et al. 2017; Miyazaki et al. 2018a) revealed that
the average concentration parameter as a function of cluster
masses is in an excellent agreement with predictions of numeri-
cal simulations (e.g. Bhattacharya et al. 2013; Meneghetti et al.
2014; Ludlow et al. 2014; Diemer & Kravtsov 2015; Child et al.
2018; Ragagnin et al. 2018). The relation between mass and
concentration holds for X-ray selected and shear-selected clus-
ters. However, it has not yet been explored by weak-lensing
studies how much the concentration parameter is changed by
cluster mergers, because the number of merging clusters was
insufficient for detailed studies. Therefore, we need a large sam-
ple of merging clusters for weak-lensing analysis.
Several theoretical work discussed how the star formation
activity is enhanced by cluster mergers (e.g. Dressler & Gunn
1983; Lavery & Henry 1988; Evrard 1991; Fujita et al. 1999;
Bekki 1999; Kapferer et al. 2006; Kronberger et al. 2008). One
of the key processes is that a tenuous, hot gas in infalling galax-
ies is compressed by the ram-pressure or shock fronts of the
ICM, and triggers a one-time star-burst. Subsequently, continu-
ous gas stripping in galaxies quenches the star formation during
cluster collisions. Since the duration of the star-burst is order
of Gyr or less, it is difficult to witness the overall, rapid evolu-
tion of star formation and quenching activities. Recent spectro-
scopic observations of on-going mergers at z <∼ 0.4 (e.g. Stroe
et al. 2015, 2017; Deshev et al. 2017) have shown both high and
low star formation rates. A large sample of clusters with various
merging stages provides a straightforward means of overcoming
the relatively large intrinsic scatter of star formation rates.
In short, a construction of a large sample of merging clus-
ters comprising various merging stages provides us with a
unique opportunity for follow-up multi-wavelength observa-
tions, which will open-up a statistical approach to conduct a
more comprehensive study of cluster mergers from the early to
late phase. The advantages of the approach are to
• fill in the parameter spaces of cluster mergers, such as merg-
ing stages and mass ratios,
• characterize the impact of merging phenomena on the cluster
evolution via a phase-separated “anatomy”,
• control the systematics of outliers in scaling relations and
construct better mass proxy calibration for cluster cosmology
study,
• take a snapshot of various stages of transient phenomena
such as shock heating, adiabatic expansion, star formation,
quenching process, and particle acceleration.
This kind catalog would be timely in incoming new era of clus-
ter studies based on big data.
The galaxy distribution contains a unique and ideal infor-
mation to construct a homogeneous, unbiased sample of cluster
mergers, thanks to the following five reasons. First, the num-
ber of luminous red galaxies is almost conserved during cluster
mergers, in contrast to the ICM merger boost. Second, spectro-
scopic observations of all member galaxies in thousands clus-
ters are not realistic, and photometric information is more effi-
cient to search cluster subhalos. Third, the lifetime of galaxy
substructure is much larger than that of the collisional gas (e.g.
Tormen et al. 2004). Thus, galaxy subhalos survive even af-
ter the core passage and can be easily identified at any merging
phases. Forth, the angular resolution of weak-lensing mass re-
construction is too poor to search cluster substructures in nor-
mal and small clusters at wide redshift ranges at 0.1 < z < 1.1
(e.g. Okabe et al. 2014). Furthermore, it suffers from misiden-
tification of background and/or foreground objects accidentally
superposed with the targeting clusters. Fifth, as reported in pre-
vious studies (e.g. Okabe & Umetsu 2008), the galaxy distribu-
tion of luminous red galaxies is very similar to the dark matter
distribution of targeting clusters regardless of dynamical states.
Thus the galaxy distribution provides a powerful means of iden-
tifying cluster mergers. There are, however, two disadvantages
of this approach. First, from the photometric information alone
it is hard to distinguish between internal subhalos and surround-
ing halos because of the degeneracy of peculiar velocity and
physical separation along the line-of-sight. Second, the galaxy
distribution cannot identify dynamical states of cluster mergers,
that is, the state of being either before or after the core pas-
sage. Therefore, multi-wavelength follow-up studies, especially
for individual clusters, are essential for understanding physical
properties of defined merging subsamples. The morphology of
the ICM which is a compressible fluid provides us with helpful
information to distinguish between pre- and post- mergers.
In this paper, we present multi-wavelength studies for
optically-defined merging clusters, based on the Hyper
Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara
et al. 2018a, 2018b; Miyazaki et al. 2018b; Komiyama et al.
2018; Kawanomoto et al. 2018; Furusawa et al. 2018; Bosch
et al. 2018; Huang et al. 2018; Coupon et al. 2018). The HSC-
Survey is an ongoing wide-field imaging survey using the HSC
(Miyazaki et al. 2015, 2018c) which is a new prime focus cam-
era on the 8.2m-aperture Subaru Telescope. The HSC-SSP sur-
vey is composed of three layers of different depths (Wide, Deep
and UltraDeep). The Wide layer is designed to obtain five-
band (grizy) imaging over 1400 deg2. The HSC-SSP survey
has both excellent imaging quality (∼0.′′7 seeing in i-band)
and deep observations (r <∼ 26 AB mag). Recently Oguri et al.
(2018) constructed a CAMIRA cluster catalog from HSC-SSP
S16A dataset covering ∼ 240 deg2 using the CAMIRA algo-
rithm (Oguri 2014) which is a red-sequence cluster finder based
on the stellar population synthesis model fitting. The catalog
contains ∼ 1900 clusters at 0.1 < z < 1.1 with richness larger
than Ncor = 15. Photometric redshifts of the clusters are shown
to be accurate at σz/(1+z)∼ 0.01 for the whole redshift range,
which are estimated by comparing the photometric redshifts to
spectroscopic redshifts of brightest cluster galaxies (BCGs).
4 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
We construct a catalog of merging cluster candidates from
the CAMIRA cluster catalogue (Oguri et al. 2018). We carry
out multi-wavelength studies for the catalog, compiling multi-
band dataset from the HSC-SSP photometry (Aihara et al.
2018a; Tanaka et al. 2018) and weak-lensing (Mandelbaum
et al. 2018), Sloan Digital Sky Survey (SDSS) spectroscopic
data (Abolfathi et al. 2018), ROSAT X-ray (Truemper 1982),
Planck Sunyaev-Zeldovich effect (SZE; Planck Collaboration
et al. 2016), the NRAO VLA Sky Survey (NVSS; Condon et al.
1998), and the TIFR GMRT Sky Survey (TGSS; Intema et al.
2017). As a first demonstration of the power of optically-
defined subsamples, we in this paper focus on stacking analyses
of multi-wavelength dataset. We describe our optical-selected
merging clusters and multi-wavelength analyses in Sec. 2. The
main results and discussion are presented in Sec. 3. We summa-
rize our results in Sec. 4. Throughout the paper we assume a flat
ΛCDM cosmology with H0 = 70 km s−1Mpc−1, Ωm,0 = 0.28
and ΩΛ = 0.72.
2 Data Analysis
2.1 Definition of subsamples
We identify, using a peak-finding method, merging cluster can-
didates from the CAMIRA cluster catalogue (Oguri et al. 2018)
constructed from the HSC-SSP Survey (Aihara et al. 2018a,
2018b; Miyazaki et al. 2018c). We use the HSC-SSP S16A
data (Aihara et al. 2018a; Tanaka et al. 2018; Mandelbaum et al.
2018).
We select red-sequence galaxies in color-magnitude plane
following Nishizawa et al. (2018). The band combinations are
g− r, r− i, and i− y in the redshift ranges of 0.1 < z < 0.4,
0.4 < z < 0.7, and 0.7 < z < 1.1, in order to cover the 4000A˚
break at these redshifts, respectively. The median and width
of colors of red-sequence galaxies are the same as Nishizawa
et al. (2018). We use red-sequence galaxies of which apparent
z-band magnitudes are brighter than the observer-frame magni-
tude with the constant z-band absolute magnitude Mz = −18
ABmag. We also apply the apparent magnitude cut mz < 25.5.
We here adopt K-correction in conversion between apparent
and absolute magnitudes taking into account passive evolution
(Nishizawa et al. 2018). We then construct Gaussian smoothed
maps (FWHM= 200h−170 kpc) of number densities of red-
sequence galaxies within each box size of 1.5r200m centered on
the CAMIRA positions. In order to avoid photometric outliers
in the survey catalog, we do not use luminosity densities which
can be significantly affected by these outliers. Here, r200m de-
notes the radius within which the mean density is 200 times
the mean mass density of the Universe at the cluster redshift.
To estimate r200m, We assume a scaling relation between the
richness, Ncor, and the mass, M200m = 1014h−1(Ncor/15)M,
because Oguri et al. (2018) have found that richness Ncor = 15
roughly corresponds toM200m = 1014h−1M by a comparison
between the observed cluster abundance and the expected halo
of Tinker et al. (2008). The r200m spans from ∼ 1h−170 Mpc
to ∼ 2h−170 Mpc. Therefore, with the assumed FWHM of the
Gaussian smoothing we can resolve galaxy concentrations with
one-tenth or one-twentieth of cluster sizes.
We define the threshold of peak-identifications in the
smoothed number density map based on solely by observational
data, because both the number of red galaxies and angular sizes
of smoothing scale depend on cluster redshifts. It also has the
advantage of avoiding the assumption of baryonic physics input
in numerical simulations. We use an average of stacked galaxy
map at each cluster redshift as the threshold of peak heights.
The average peak heights appeared in the stacked maps at a slice
of ∆z = 0.05 smoothly change as a function of redshifts, and
correspond to 5 galaxies at z <∼ 0.8. We interpolate the average
peak heights as a function of cluster redshifts.
Our peak-finding algorithm is composed of three steps.
We first identify peaks above the redshift-dependent threshold.
Second, we subtract a component of extended galaxy distribu-
tions around the highest peak from the sub-peaks, in order to
mis-select sub-peaks which have peak-heights contaminated by
the smoothed distribution of the main halo. We here assume
that the extended galaxy distribution is the same as the aver-
age distribution appeared in the stacked galaxy maps. Third,
if there is the third highest peak, we also subtract contamina-
tion of higher peaks. The peak findings are limited to within
r = 1.2r200m from the CAMIRA center. With this procedure
we identified 1561 single-peak clusters, 175 two-peaks clusters
and 14 three-peaks clusters. The total number of the clusters is
slightly smaller than the total number of CAMIRA clusters, be-
cause imaging data for our subhalo search are missing in some
clusters. Since we cannot resolve internal structures within the
FWHM, there may be closed-pair clusters whose separations
are smaller than the FWHM in the single-peak cluster catalog,
although they are not the majority considering its low chance
probability. Furthermore, since all real clusters have internal
structures, the single-peak clusters potentially contain less mas-
sive subhalos whose peak heights are under the detection limit.
We therefore refer to them as “single” clusters rather than “re-
laxed” clusters. We also refer to two- and three- peaks clus-
ters as “merging” clusters for simplicity. This method has a
problem of the projection effect that the distributions of the
main and sub clusters along the line-of-sight is highly degener-
ate. Therefore, the galaxy distribution alone cannot distinguish
whether the main clusters and the subhalos are really interacting
or not. The purity of the subhalos is discussed in Secs 3.2 and
3.3.
Given the subsamples, we carry out galaxy, weak-lensing,
SZE, X-ray, and radio analyses to statistically understand their
physical properties. Throughout the paper, all the observables
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will be discussed using the overdensity radius r200 ∼ 0.7r200m,
where r200 is the radius at which the mean enclosed density is
200 times the critical mass density of the universe at a cluster
redshift. Fig. 1 shows typical examples of galaxy maps of single
and merging clusters at z ∼ 0.3.
2.2 Weak-lensing Analysis
We measure average weak-lensing masses of the merging and
single clusters using a method of Point Spread Function (PSF)
correction known as re-Gaussianization (Hirata & Seljak 2003),
which is implemented in the HSC pipeline (see details in
Mandelbaum et al. 2018). For the weak-lensing analysis, we
use only galaxies satisfying with full-color and full-depth condi-
tion from the HSC galaxy catalog to achieve both precise shape
measurement and photometric redshift estimation. Therefore,
the weak-lensing analysis is carried out subsets of the full sam-
ple of CAMIRA clusters. We select background galaxies behind
each cluster in the four-bands magnitude (griz) plane, follow-
ing Medezinski et al. (2018).
In order to measure an average mass distribution over a sub-
sample, we compute stacked lensing signals. For this purpose,
we measure the reduced tangential shear 〈∆Σ+〉 computed by
azimuthally averaging the measured tangential ellipticity, e+,
for a pair of i-th galaxy and j-th cluster (Mandelbaum et al.
2006; Johnston et al. 2007),
〈∆Σ+〉(rk) =
∑
ij
e+,iwi,j〈Σcr(zl,j ,zs,i)−1〉−1
2R(1 +K)
∑
ij
wi,j
, (1)
where tangential ellipticity is
e+ =−(e1 cos2ϕ+ e2 sin2ϕ). (2)
The radius positions, rk, are computed by the weighted har-
monic mean (Okabe & Smith 2016) of radial distances from
peak positions of the number density maps. The inverse of
the mean critical surface mass density for individual pairs be-
tween i-th galaxy and j-th cluster is computed by the proba-
bility function P (z) from the machine learning method (MLZ;
Carrasco Kind & Brunner 2014) calibrated with spectroscopic
data (Tanaka et al. 2018),
〈Σcr(zl,j ,zs,i)−1〉=
∫∞
zl,j
Σ−1cr (zl,j ,zs,i)P (zs,i)dzs,i∫∞
0
P (zs,i)dzs,i
. (3)
Here, zl,j and zs,i are the cluster and source redshift, re-
spectively. The critical surface mass density is Σcr =
c2Ds/4piGDlDls, where Ds and Dls are the angular diame-
ter distances from the observer to the sources and from the lens
to the sources, respectively. The weighting function is given by
wi,j =
1
e2rms,i +σ
2
e,i
〈Σcr(zl,j ,zs,i)−1〉2. (4)
where erms and σe are the root mean square of intrinsic ellip-
ticity and the measurement error per component (α = 1 or 2),
respectively. The shear responsivity, R, and the calibration fac-
tor, K, are computed by R = 1−∑
ij
wi,je
2
rms,i/
∑
ij
wi,j
and K =
∑
ij
miwi,j/
∑
ij
wi,j , respectively. Here mi is
the multiplicative shear calibration factor for individual objects
(Mandelbaum et al. 2017, 2018; Miyatake et al. 2018). We also
conservatively subtract an additional, negligible offset term for
calibration factor (Miyaoka et al. 2018).
In order to investigate the dynamical dependence of the aver-
age halo concentration, we use an NFW profile (Navarro et al.
1996) for model fitting. The NFW profile is expressed in the
form:
ρNFW(r) =
ρs
(r/rs)(1 + r/rs)2
, (5)
where ρs is the central density parameter and rs is the scale
radius. We measure weak-lensing masses M200 rather than
M200m. The spherical mass and the halo concentration are de-
fined by M200 = 4pi200ρcrr3200/3 and c200 = r200/rs, respec-
tively.
The reduced shear model, fmodel, is expressed in terms of
the differential surface mass density ∆Σ˜ and the local surface
mass density Σ as follows,
fmodel = ∆Σ˜(1 +LzΣ), (6)
where Lz =
∑
ij
〈Σ−1cr,ij〉wi,j/
∑
ij
wi,j . To keep the linearity
for the ensemble average, we use (1 +LzΣ) as the non-linear
correction term instead of (1−LzΣ)−1. Given the mass model,
the log-likelihood is described by
−2lnL= ln(det(Cnm)) + (7)∑
n,m
(∆Σ+,n− fmodel(rn))C−1nm(∆Σ+,m− fmodel(rm)),
where the covariance matrix, C, is composed of the uncorre-
lated large-scale structure (LSS) CLSS, along the line-of-sight
(Schneider et al. 1998) and the shape noise Cg . In model fitting,
we adopt the Markov chain Monte Carlo (MCMC) method with
flat priors of log10−5 < log
(
M200/10
14 h−170 M
)
< log50 and
log 10−5 < log (c200) < log 30. Although all quantities are the
average values over the subsamples, we express them without
the bracket, 〈〉, in this paper.
We also implement the lensing signal from the merging sub-
halos in the modeling in order to estimate their average masses,
M
(sh)
200 . We fix the positions of the subhalos and compute the
lensing signal from the cluster center using an off-centering ef-
fect (Yang et al. 2006). In computations of the lensing model
from the subhalos, there are two important considerations. First,
all the optically-identified clusters do not always fulfill the full-
color and full-depth condition for weak-lensing analysis in the
HSC-SSP survey. Second, the number of background galaxies
and its lensing efficiency are different for different clusters. In
order to consider the lensing contributions in the stacked lens-
ing signal, we introduce a weighting function of each subhalos
associated with the j-th cluster, specified by
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Fig. 1. Examples of galaxy maps centered the CAMIRA positions. Smoothing scale, FWHM=200h−170 kpc, are shown as white circles in the lower-right corners.
Overlaid are contours corresponding to the number of galaxies, starting from 2 galaxies per pixel and stepping by a galaxy per pixel at each redshift. Black
crosses denote galaxy peak positions. The color bar denotes the number of galaxies per a pixel. Top-left; the single cluster, HSCJ222543+010339. Top-right; the
merging cluster, HSCJ091606-002338, as an example of peak-separations of 0.2h−170 kpc<dsh < 0.6h
−1
70 kpc. Here, dsh is the projected distance of galaxy
subhalo from the highest peak. Bottom-left; the merging cluster, HSCJ021222-053556, as an example of peak-separations of 0.6h−170 kpc<dsh<1.2h
−1
70 kpc.
Bottom-right; the merging-cluster, HSCJ145004+004929, as an example of peak-separations of 1.2h−170 kpc< dsh < 2.4h
−1
70 kpc.
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Wj =
∑
i
wi,j∑
ij
wi,j
, (8)
where wi,j is defined by equation (4). We mention that the
weighting function is also considered in estimation of other ob-
servables (eqs. 11 and 12; Secs 2.4, 2.5 and 3.5) for a com-
parison of weak-lensing masses. Given radial distances of the
subhalo, rsh,j , in the j-th cluster, the surface mass density for
the subhalos is computed by
Σ
(sh)
NFW(r) =
1
2pi
∑
j
Wj∑
j
∫ 2pi
0
dθWjΣ(
√
r2 + r2sh,j − 2rrsh,j cosθ). (9)
By integrating the above equation from 0 to r, we calculate the
averaged mass density, Σ¯(sh)NFW(< r), and subsequently obtain
the reduced shear f (sh)NFW. It is very difficult to constrain the
concentration parameter for the merging subhalos because of a
degeneracy with the lensing signal from the main cluster. We
therefore fix c200 for the subhalos based on the best-fit concen-
tration parameter for the single clusters and adopt a single pa-
rameter M (sh)200 for the subhalos. The model for the total mass
components can be expressed by
fmodel = fNFW + f
(sh)
NFW. (10)
We carry out weak-lensing analysis in physical unit rather than
comoving unit in order to avoid a (1 + z) stretch of subhalo
distributions found in physical unit and contamination of un-
known structures in lensing profiles as much as possible. Since
all other observables that are compared with lensing masses cor-
rectly take account of the lensing weight (eq. 8), the unit in
weak-lensing measurements does not matter in this paper.
2.3 Red fraction
We estimate the fraction of red cluster member galaxies to all
cluster member galaxies (the red fraction) of each cluster using
MLZ photometric redshifts of galaxies (Tanaka et al. 2018). We
define member galaxies within 1Mpc of each cluster center so
that 95% confidence interval of the photometric redshifts falls
in the cluster photometric redshift obtained by the CAMIRA
catalog. In our analysis, we use only member galaxies whose z-
band magnitudes are brighter than that of red sequence galaxies
with stellar massM∗= 1010.45M, computed by the CAMIRA
algorithm. This magnitude cut enables us to consistently de-
termine the red fraction over all redshift range 0.1 < z < 1.1.
We divide member galaxies into red and blue cluster members
based on the HSC photometry using the criteria shown in Fig.
2 of Oguri et al. (2018). In order to subtract the foreground and
background contamination, for each cluster we estimate the av-
erage number densities of red and blue galaxies at the cluster
redshift from the numbers of red and blue galaxies in the an-
nulus of 1–3h−170 Mpc around the cluster center, and use them
to subtract the foreground and background contamination for
estimating the red fraction (i.e., the number ratio of red to to-
tal member galaxies after the subtraction) of each cluster. We
stress that the peak-finding method and its galaxy selection in
our definition of the merging clusters are different from the es-
timation of the red fractions, and thus reasonably assume that
there is no correlation between the red fractions and the sub-
sample definitions. The result is shown in Sec. 3.4.
2.4 Stacked Planck SZE analysis
We use the NILC (Needlet Internal Linear Combination;
Remazeilles et al. 2013) and MILCA (Modified Internal
Linear Combination Algorithm; Hurier et al. 2013) all-sky
Compton parameter maps (y-map, hereafter) released by Planck
Collaboration et al. (2016). This y-map was constructed from
the multiple Planck frequency channel maps, by characterizing
in terms of noise properties and residual foreground contami-
nation. We apply 60% Galactic and point-source masks pro-
vided by the Planck Collaboration to reduce contamination from
galactic emission and point sources. Both the y-map and mask
are provided in the HEALPix format (Go´rski et al. 2005).
We compute a noise-weighted y-map (Planck Collaboration
et al. 2011) around the highest peaks in physical scale unit. In
the stacking procedure, we additionally use a weight function
of lensing contributions (eq 8) in order to make a fair compari-
son between SZE observables and weak-lensing masses, M200.
This is because the full-color and full-depth condition is not al-
ways satisfied with all the subsamples of the CAMIRA clusters
(see Oguri et al. 2018, for details) and the lensing contributions
of individual clusters in the average mass measurements are dif-
ferent (Sec 2.2). Given the y-map (y) and the standard deviation
map (σy), we project each y-map of the subsample onto a two
dimensional rectangular grid using a nearest neighbour interpo-
lation,
〈y〉i =
∑
j
yi,jσ
−2
y Wj∑
j
σ−2y Wj
, (11)
where the subscript, j, denotes the cluster. Since a y-map reso-
lution is poor with the circular Gaussian beam of FWHM= 10
arcmin, YSZ are measured within a cylindrical circle 2r200 cen-
tered at peak positions weighted with the stacked 〈y〉. The mea-
surement errors of YSZ include the statistical noise, bootstrap
sampling errors and aperture sizes caused by weak-lensing mea-
surement uncertainty. We represent the result and discussion in
the Sec 3.6.
2.5 Stacked RASS analysis
We stack the X-ray emission from the position-sensitive pro-
portional counter (PSPC) of ROSAT all-sky survey (RASS) in
the 0.12.4 keV band (Truemper 1982), in a similar manner to
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the stacked Planck SZ images (Sec. 2.4). We exclude regions
of point sources, from the second ROSAT all-sky survey source
catalogue (the 2RXS catalogue; Boller et al. 2016), which are
not statically associated with galaxy density peaks. The ex-
cluded radius is four times the 1σ size of the PSF. A point
spread function is empirically estimated by stacking the RASS
images of 2RXS point sources located within one degree center-
ing main peaks of individual clusters. We stack count images as
well as the corresponding RASS exposure map (Anderson et al.
2015) and then compute count rate images. Since our targets
are located at low Galactic column density region, the galac-
tic absorption at each cluster field is not significantly changed.
As a weighing function, we use D2L(zl)/D
2
L(zref) and the lens-
ing contribution W (eq. 8) in order to standardize the flux to
its expectation at the average redshifts of weak-lensing sam-
ples, for the purpose of the LX and M200 scaling relation study
(Miyazaki et al. 2018a). Here, DL is the luminosity distance
to the clusters and zref is the reference redshift. To avoid a
positional fluctuation of the background component caused by
unknown sources, we estimate the background component by
fitting the radial profiles. We measure the aperture photometry
for the stacked images within r200 and subtract the background
components. Assuming the metalicilty Z = 0.2 and kBT = 1.9
keV (Vikhlinin et al. 2009), we covert the estimated count rate
to the X-ray luminosity, LX . The measurement uncertainty
is composed of the statistical noise assuming Poisson errors,
bootstrap sampling errors, and aperture sizes caused by weak-
lensing mass uncertainty. We represent the result and discussion
in the Sec 3.6, including the Planck SZE and mass scaling rela-
tion.
3 Result and Discussion
3.1 Halo concentration and mass ratio
We study a difference of halo concentrations between the single
and merging clusters based on weak-lensing analysis (Sec 2.2).
Left panel of Fig. 2 shows posterior distributions of the two
subsamples by weak-lensing analysis. Assuming a single NFW
component for both the single and merging clusters, the best-fit
concentration parameters for the single and merging clusters are
csingle200 = 2.92
+0.48
−0.41 and c
merger
200 = 1.98
+0.41
−0.35, respectively. The
average redshift of the two samples are similar (zsingle = 0.38
and zmerger = 0.37). The best-fit mass for the single clusters,
M single200 = 1.48
+0.29
−0.25× 1014 h−170 M, is about half of the merg-
ing clusters, Mmerger200 = 2.98
+0.55
−0.48 × 1014 h−170 M. Although
the concentration parameter depends weakly on the halo mass
(e.g. Bullock et al. 2001; Duffy et al. 2008; Ludlow et al. 2012;
Bhattacharya et al. 2013; Meneghetti et al. 2014; Ludlow et al.
2014; Diemer & Kravtsov 2015; Child et al. 2018), the differ-
ence of the two masses is negligible in the following discussion
of the halo concentration.
A recent numerical simulation (Child et al. 2018) defined
relaxed clusters and unrelaxed clusters using a distance between
the halo center and the center of mass of all particles. In the left
panel of Fig. 2, the solid blue line and filled blue area denote the
average concentration for the simulated, relaxed clusters and its
1σ scatter computed at M single200 and z
single, respectively. Our
best-fit concentration for the single clusters is somewhat lower
than a prediction of the numerical simulation, though they are
consistent within intrinsic scatter. Child et al. (2018) have also
shown that the concentration of the unrelaxed clusters is 69 per
cent lower than that of the relaxed clusters at z = 0 (Figure
3 in their paper). The dotted red line and filled blue area are
the average concentration for the unrelaxed clusters and its 1σ
scatter, assuming cunrelaxed200 /crelaxed200 = 0.69 at z = 0. Our result
gives cmerger200 /c
single
200 = 0.68± 0.17, in agreement with Child
et al. (2018). Neto et al. (2007) show that the concentration of
the unrelaxed clusters is ∼ 66 per cent of the relaxed clusters at
our best-fit mass range. Similarly, other numerical simulations
(e.g. Duffy et al. 2008; Bhattacharya et al. 2013) have pointed
out that the halo concentration of the full sample of simulated
clusters is lower than that of the relaxed clusters.
We study whether the halo concentration depends on the
peak separation or not. Since the overdensity radius of the
merging clusters is r200 = 1.22± 0.07h−170 Mpc, we divide the
merging cluster sample into three subsamples with the pro-
jected distances of subhalos, dsh, in [0.2, 0.6], [0.6, 1.2], and
[1.2− 2.4]h−170 Mpc. The number of the subsamples and the
actual number of the WL clusters are summarized in Table 1.
Five clusters out of the 189 merging clusters fall from the ra-
dial ranges. We adopt the closest distance for the three-peaks
clusters in the subsample selection. The right panel of Fig. 2
shows the concentration parameter as a function of projected
distances of subhalos, dsh. When the projected distance of sub-
halos are less than r200, the concentration parameters are under-
estimated by∼ 50−70 per cent compared to the single clusters.
Furthermore, the best-fit concentration parameter decreases as
the subhalo distance increases. When the subhalos are located
outside r200, the concentration parameter is comparable to that
of the single clusters. This trend can be naturally explained by
the position of the subhalos, because merging clusters, which
have subhalos at larger radii, tend to possess a less centrally
concentrated profile. On the other hand, mass components out-
side clusters do not affect the internal structure of the targeting
clusters.
Next we model the two NFW components as the main and
subhalos for the merging clusters (eqs 9 and 10). Since the con-
centration parameter of the subhalos is not well determined, we
assume c200 = 3 from the best-fit of the single clusters. When
we change c(sh)200 by±1, the subhalo masses are changed by only
by <∼ 10%. Fig. 3 shows stacked lensing profiles of the there
subsamples of the merging clusters. The total mass component
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Fig. 2. Left: Posterior distributions of halo concentrations for single (blue) and merging (red) clusters. The solid blue line and filled blue area are a prediction
and 1σ scatter of relaxed clusters at z = 0.38 (Child et al. 2018), respectively. The dotted red line denotes a prediction of a unrelaxed sample of clusters of
Child et al. (2018), cunrelaxed200 /c
relaxed
200 = 0.69, expected from their result at z = 0. The filled red area is 1σ scatter of unrelaxed clusters. Right: The halo
concentration, c200, as a function of projected distances of subhalos, dsh. The vertical red line and region are the best-fit r200 of the total mass of all the
merging clusters and its 1σ uncertainty, respectively. The horizontal blue region is the same as the left panel. Black circles denote the best-fit NFW model.
When the subhalos are located inside r200 on the sky, the concentration parameter decreases as the subhalo distance increases. In contrast, the concentration
of the merging clusters with subhalos of dsh > r200 is comparable to that of the single clusters. White diamonds are the concentration parameter of the main
halo modeled with the two NFW components for the main and sub halos. The concentration parameters are recovered when the subhalo component is
considered.
Table 1. Subsamples: a The signal-to-noise ratio of weak-lensing
signal computed by (S/N)WL =
(
∆Σ+,nC
−1
nm∆Σ+,m
)1/2
where
C is the error covariance matrix Cg +Cs +CLSS.
merging clusters
dsh [h−170 Mpc] (S/N)WL
a Number of WL/total clusters
0.2− 0.6 13.0 46/53
0.6− 1.2 10.9 61/68
1.2− 2.4 8.8 57/63
single clusters
Ncor (S/N)WL
a Number of WL/total clusters
15− 18 11.3 464/552
18− 21 11.6 272/316
21− 25 12.6 245/283
25− 30 12.9 164/191
30− 40 12.9 137/156
40− 100 16.7 53/63
is shown by red thick lines. The main and subhalo components
are shown by dashed blue and dotted green lines, respectively.
Clear bumps in the stacked lensing profiles are found associ-
ated with the positions of the subhalos. It indicates that the
mass is indeed associated with the galaxy subhalos detected by
the peaks in the galaxy maps (Fig. 1). The bump is caused by
the off-centering effect (Yang et al. 2006). The concentration
parameters for the main halo components are shown by white
diamonds in the right panel of Fig. 2. In contrast to one NFW
component analysis, the estimated concentration parameter is
almost constant against the subhalo distances. The values are
in good agreement with that of the single clusters. Thus, once
the subhalo component is considered in the modeling, the halo
concentration is recovered.
We also estimate the mass ratios for the three subsamples;
Msh/Mmain = 0.37
+1.02
−0.26, 0.47
+0.91
−0.28 and 0.14
+0.27
−0.11 from small
to large separations, respectively. The measurement uncertainty
of the mass ratio takes into account the covariance error ma-
trix between two mass components. Since the mass estimations
of the main and subhalos are highly correlated, the errors of the
mass ratio are relatively large. Similarly, we repeat the two-halo
modeling for the all merging clusters at 0.2h−170 Mpc < dsh <
2.4h−170 Mpc and obtain Msh/Mmain = 0.31
+0.68
−0.20. The aver-
age value of the mass ratios for the three subsamples is 0.33,
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where the lensing weight (eq. 8) is considered. Since we fix the
positions of the subhalos and the halo concentration, the sub-
halo mass is sensitive to the lensing amplitude and thereby the
mass ratios with and without subdivisions are consistent with
each other. The mass ratio is smaller than the ratio, 0.75±0.18,
of peak heights appeared in the galaxy maps. Considering mea-
surement uncertainty, the majority of our sample of the merging
clusters is major mergers with the mass ratio at order of >∼ 0.1.
We note that the projection effect of surrounding halos is not
large at r <∼ r200 as we will discuss in Secs 3.2 and 3.3. Thus,
the weak-lensing mass and halo concentration for the merging
clusters at dsh < r200 can be interpreted as results affected by
the internal subhalos.
We ignored mis-centering effect (e.g. Yang et al. 2006;
Johnston et al. 2007; Okabe et al. 2013) on the halo concen-
tration in the above discussion. The density peaks do not nec-
essarily correspond to the center of halo mass. If there were
offsets between density peaks and mass centers, concentration
parameters would be underestimated by mis-centering effect.
However, since the concentration parameters of the main halos
of the merging clusters (two NFW modeling) agree with that of
the single clusters (the right panel of Fig. 2), both the merg-
ing and single clusters would have similar distribution of offset
distances if they exist. Although the mis-centering effect might
affect the absolute value of concentration parameters, it does
not significantly affect the comparison of how much halo con-
centrations are relatively affected by the subhalos. Modeling
with the mis-centering effect would be important to precisely
measure the mass-concentration relation, which is left for fu-
ture works.
3.2 Projected number density
The projected average number density of cluster subhalos as a
function of projected distances from the main peaks is shown
in the left panel of Fig. 4. As expected, the optically-
identified, massive subhalos are widely distributed from clus-
ter centers to outskirts. The errors for the projected number
density are assumed to be Poisson noise. The projected num-
ber density is well described by a β model, formed by Σnsh ∝
(1+(r/rc)
2)0.5−β . The corresponding three-dimensional num-
ber density is written as n ∝ (1 + (r/rc)2)−β . The best-fit
parameters (the blue curve) are rc = 0.45+0.52−0.22h
−1
70 Mpc and
β = 1.20+0.45−0.16, giving an outer slope of n∝ r−2.4.
We note that our selection of the subhalos may suffer from
the projection effect. Hence, the projection of galaxy con-
centrations along the line-of-sight appears in the radial pro-
file. As a simple test, we introduce an additional constant pa-
rameter, Σ(n)proj as the projection-effect component. The best-
fit parameters are rc = 0.85+0.62−0.44h
−1
70 Mpc, β = 2.18
+2.56
−0.76 and
Σnproj = 0.045
+0.023
−0.027h
2
70 Mpc
−2 cluster−1. The best-fit radial
distribution of subhalos excluding the projection effect is shown
in the dashed-dotted magenta line. The project effect is small
at r <∼ r200, whereas it accounts for about a half of detected
subhalos at r >∼ r200.
The projected mass density profile of the main halo of the
merging clusters is shown by red line. We use the best-fit
NFW model for the full sample of the merging clusters mod-
eled with two-halo components. The profile is normalized by∫ r200
0
dr2pirΣNFW = 1. Here, r200 for the main cluster is de-
rived from the two-halo component fit described in Secs. 2.2
and 3.1. The radial profile of the subhalos is significantly shal-
lower than the total matter distribution, as predicted by theoret-
ical works (e.g. Gao et al. 2004; Diemand et al. 2004; Nagai &
Kravtsov 2005; Taylor & Babul 2005; Ludlow et al. 2009; Han
et al. 2016). The radial distribution of subhalos within their
parent halos is less centrally concentrated than that of dark mat-
ter. Subhalos captured by more massive halos are subject to
dynamical friction, losing their angular momentum and subse-
quently falling inward the center. Simultaneously, their masses
are reduced by the tidal force which increases with an increas-
ing radius from the cluster center. Diemand et al. (2004) and
Gao et al. (2004) find that the radial distribution of subhalos is
largely independent of their self-bound mass, which is caused
by an efficient mixing of the above physical process of the evo-
lution of subhalos within the potential of the main halo. Han
et al. (2016) propose an analytic model which simultaneously
predicts both the mass function and spatial distribution of sub-
halos, considering statistical description of the amount of mass
tidally stripped from individual subhalos. They find that the
model radial profile agrees with results of numerical simula-
tions. We compute a surface number density of subhalos using
SUBGEN (Han et al. 2016) with their final mass higher than
10 per cent of the main halo with M200 = 1014 h−1M and
c200 = 3. The model profile normalized by the total number of
subhalos is shown by green dashed line. The observed profile at
r < r200 is in an agreement with the prediction, but is somewhat
shallower outside r200. On the other hand, the dashed-dotted
magenta profile, for which the projection effect is corrected, is
in a good agreement with the theoretical prediction over a wide
radial range.
Numerical simulations (e.g. Neto et al. 2007; Ludlow et al.
2012) defined relaxed and unrelaxed clusters using the follow-
ing three criteria; subhalo mass fraction, center of mass dis-
placement, and ratio of kinetic energy to gravitational energy.
They found that the fraction of unrelaxed halos are roughly∼30
percent and increases as the halos masses increase. The frac-
tion of unrelaxed clusters also depends on resolutions of nu-
merical simulations. Our sample of the merging clusters ac-
count for∼ 10 percent of the total sample. Since the two defini-
tions are different, a fair comparison is difficult but our fraction
is lower than expected by numerical simulations. We inves-
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Fig. 3. Top: The stacked tangential shear profile for the three subsamples of the merging clusters. The subsamples are defined by the subhalo distances of
0.2h−170 Mpc< dsh < 0.6h
−1
70 Mpc, 0.6h
−1
70 Mpc< dsh < 1.2h
−1
70 Mpc, and 1.2h
−1
70 Mpc< dsh < 2.4h
−1
70 Mpc, respectively. The errors are composed of
the diagonal component of (Cg +Cs +CLSS)1/2. Solid red, dashed blue, and dotted green lines are the total mass model, the NFW model for the main halo
and the subhalo mass, respectively. Bottom : The product of the 45 degree rotated component, ∆Σ×, as a function of the cluster-centric radius, r.
tigate mass dependence of the merger fraction and find ∼ 50
percent for M200 > 5× 1014h−170 M, ∼ 25 percent for M200 ∼
3× 1014h−170 M, and ∼ 10 percent for M200 ∼ 1014h−170 M.
This trend would be explained by the peak-finding technique.
Less massive clusters have smaller number of galaxies, and
thus sparse distributions of a small number of galaxies give rise
to the possibility that peak-heights of some subhalos are be-
low the threshold. Therefore, some subhalos of the order of
∼ 1013h−170 M in halos of ∼ 1014h−170 M halos might be not
identified by the current technique. Using a larger number of
clusters in the future HSC-SSP dataset, we will develop more
sophisticated detection schemes and discuss the purity of the
merger sample especially for less massive clusters.
3.3 Velocity-space diagram
We compute a velocity-space diagram of the subhalos stacked
over the merging clusters (right panel of Fig. 4). The spectro-
scopic data is retrieved from the SDSS DR14 (Abolfathi et al.
2018). We compute the average line-of-sight velocity around
the each galaxy peak within 200h−170 kpc and regard it as the ve-
locity of the main and sub halos. The deviations of the line-of-
sight velocities of the subhalos from the main halo are shown by
large red circles. As a reference, spectroscopic galaxies around
the single and merging clusters are overlaid. Many galaxies are
confined within the characteristic, “trumpet”, shape expected in
the spherical infall model (e.g. Kaiser 1987; Diaferio & Geller
1997; Mamon et al. 2013). The caustic amplitude computed by
the weak-lensing mass of the main halo for the merging clus-
ters is shown in the solid red line. Most subhalos (30 subhalos)
are located within the caustics surfaces, indicating that they are
indeed physically interacted with the main halo. On the other
hand, a few subhalos are located outside the caustic surface, and
thus contaminating components caused by the projection effect.
The fraction of the contamination is consistent with that esti-
mated from the subhalo radial profile (the left panel of Fig. 4).
3.4 Red fraction
We statistically investigate, using the optically-selected cluster
sample, whether the red fraction is changed by cluster merg-
ers or not. As mentioned in Sec 2.3, we use the massive
galaxies, with M∗ > 1010.45M, which are centrally concen-
trated inside the clusters. We subtract the numbers of red
and blue galaxies in the annulus (1− 3h−170 Mpc) to compute
the red fraction (Sec. 2.3). The inner radius is compara-
ble to rsingle200 = 0.95 ± 0.06h−170 Mpc for the single clusters
and rmerger200 = 1.22± 0.07h−170 Mpc for the merging clusters
( rmerger,main200 = 1.07± 0.10h−170 Mpc for the main halo), de-
termined by the weak-lensing analysis (Sec. 3.1). We do not
find significant structures of massive galaxies outside r200 of
the clusters except for merging clusters with large peak sepa-
rations. We thus exclude the merging clusters from the three
subsamples with peak separation of dsh > 1.2h−170 Mpc. (Sec.
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Fig. 4. Left:The radial profile of the averaged projected number density of the sub halos per a cluster. The dotted blue and solid red lines show the best-fit β
profile of the subhalo radial profile and the NFW profile for the main cluster normalized by
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0
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around the single and merging clusters, respectively. Large red circles denote subhalos with spectroscopic counterparts. The thick, red solid lines are the
caustic amplitude estimated by the weak-lensing mass for the main halo of the merging clusters. The thin, dotted red line denotes twice the caustic amplitude.
3.1) in order to avoid over-subtraction in the following results.
The left panel of Fig. 5 shows the redshift evolution of the
average red fraction which is the ratio of red member galaxies to
all member galaxies selected by their photometric redshifts. We
adopt the biweight estimation in order to down-weight outliers
in a small number of subsample. The uncertainties are the er-
rors of the biweight mean. The red fractions for all the clusters
gradually decreases as cluster redshifts increase, as discovered
by Butcher & Oemler (1984).
We next compare, in a model-independent way, red fractions
for the merging and single clusters (the left panel of Fig. 5).
Since the red fraction weakly depends on cluster richness and
the richness population of the merging clusters is different from
that of the single clusters, we define subsamples in a redshift
and richness space. The red fractions for the merging clusters
are comparable to those for the single clusters, and some cases
show lower values. The deviation is not statistically significant
at <∼ 2σ level. Nevertheless, in any subsamples, the red fraction
of the merging clusters does not exceed the value of the single
clusters. It implies that star formation would be triggered by
cluster mergers.
As a complementary approach, we fit red fractions of the
merging and single clusters as a function of cluster richness and
redshift and intrinsic scatter of red fractions. A functional form
is simply assumed to be fred = fred,0 + azzbz + aNNbNcor . The
powers of redshift and richness, bz and bN , are determined by
fitting all the sample. We then obtain the normalizations and
slopes of the single and merging clusters by fixing the powers.
The red-fraction ratio between the merging and single clusters
is computed by taking account of the correlation between the er-
rors on each parameter by calculating the error covariance ma-
trix. The right panel of Fig. 5 shows the red-fraction ratio as
a function of cluster redshift, for a fixed cluster mass. We here
convert from the richness to the cluster mass based on stacked
weak-lensing analysis (Sec. 3.5). Overall, the red-fraction ra-
tios agree with unity, although the ratio for the low mass cluster
of M200 = 1014h−170 M is somewhat lower. The general fea-
ture is consistent, within errors, with the aforementioned model-
independent estimations. The red-fraction ratio typically de-
creases as the cluster redshift increases and the mass decreases.
If the star formation is triggered by cluster mergers, its time-
scale can be roughly estimated by the cluster size and the col-
lision velocity and thus is 2r200/v ∼ 2Gyr(v/1000kms−1)−1.
As mentioned above, the observational evidence is not signifi-
cant. Therefore, more precise observational constraints on red
fractions and their properties require larger cluster samples.
Various processes to trigger star formation during clus-
ter mergers are proposed; the ram-pressure enhancement (e.g.
Dressler & Gunn 1983; Evrard 1991; Fujita et al. 1999), a
change of the gravitational tidal field (Bekki 1999), and the en-
counters and interactions between galaxies (Lavery & Henry
1988). The ram-pressure scenario advocates that the high ram-
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pressure of the ICM compresses the hot, tenuous inter-stellar
medium (ISM) in gas-rich galaxies and trigger a one-time burst
of star formation, but gas stripping weaken the star-burst phe-
nomenon during the cluster collision (e.g. Fujita et al. 1999).
Ruggiero & Lima Neto (2017) investigated through numerical
simulations how much of an initial gas mass in Milky-Way like
galaxies is turned into stars after a single crossing of idealized
clusters of 1014 and 1015 M. They found that the initial gas
mass is more efficiently converted to stars in less massive clus-
ters, because the ram-pressure stripping process is more effi-
cient in more massive clusters, making the galaxy lose its gas
faster, and consequently prevent the steady star formation over
the entire orbit. The general feature predicted by the numerical
simulations is similar to our results of mass dependence of the
red-fraction ratio. Dressler & Gunn (1983) suggested that the
star formation is triggered by gas-rich galaxies first infall into
the ICM, so called the first infall model. It does not contradict
with the trend that the red-fraction ratio decreases as the clus-
ter redshift increases. Even if a dusty star formation activity
(Koyama et al. 2010) is triggered by cluster mergers, it does not
change the interpretation that the star formation in the merging
clusters is likely to be more active.
The activities of star formation in on-going merging clus-
ters at z <∼ 0.4 is studied through spectroscopic observations
or narrow band filters. For instance, Stroe et al. (2015) stud-
ied star-formation rate in two merging clusters with promi-
nent radio relics (CIZA J2242.8+5301 and 1RXS J0603.3+4213
). They found that the star-formation rate density for CIZA
J2242.8+5301 is on the order of 15 times the peak of the star-
formation history, and the overall star-formation rate density in
1RXS J0603.3+4213 is consistent with blank fields at the same
redshift. In CIZA J2242.8+5301, the projected distribution of
highly star-forming galaxies is localized along the merger axis.
Stroe et al. (2017) carried out spectroscopic observations of
19 clusters and found that the normalization of Hα luminosity
function in merging clusters is much higher than that of relaxed
clusters. Ferrari et al. (2005) showed a lack of bright post-star-
forming objects in A3921. Deshev et al. (2017) found a de-
pletion of star forming galaxies within the central ∼ 1.5 Mpc
region of the merging clusters A520, in contrast to relaxed clus-
ters. Therefore, the results appear to be not converged due to the
large intrinsic scatter of the abundance of star forming galaxies.
Indeed, our estimation of intrinsic scatter of the red fraction is
large, σred = 0.18. Since our estimations are based on photo-
metric redshifts, further systematic follow-up studies of clusters
compiling various merging stages, cluster masses, and redshifts
are essential to understand star formation activities in merging
clusters, in order to witness short time scale variations in star
formation and understand their mass and redshift dependence.
3.5 Mass - richness relation
We study the correlation between the mass and richness. Based
on the weak-lensing analysis (Sec 3.1), we define the three sub-
samples of the merging clusters (Table 1) using peak separations
of dsh in [0.2,0.6], [0.6,1.2], and [1.2,2.4] Mpc. As for the sin-
gle clusters, we adopt the same definition of the subsamples as
that in the Planck SZ and mass scaling relation (Sec 3.6) be-
cause of a requirement for the stacking analysis of the Planck
data.
The average richness for each subsample is computed with
a weight assigned to the lensing contribution of the j-th cluster
(eq. 8), in the same analogy as Secs 2.4 and 2.5,
Ncor =
∑
Ncor,jWj∑
Wj
. (12)
Fig. 6 shows the mass and richness relation. We use the NFW
masses for the single clusters (Secs 2.2 and 3.1). Both the to-
tal masses of the two NFW components and the single NFW
masses for the merging clusters are represented in the figure.
We find a tight correlation between the mass and richness re-
gardless of the mass definitions.
We assume that the scaling relation is described by the fol-
lowing power-law relation,
M200E(z) =MN
(
NcorE(z)
N0
)α
, (13)
where E(z) = (Ωm,0(1 + z)3 + ΩΛ)1/2 is the evolution factor
and N0 = 15. We perform linear regression using their log-
space variables without correcting for selection function. The
intrinsic scatter of the mass, σlnM , is considered in the fitting
(Okabe et al. 2010). We obtainMN =0.72+0.18−0.14×1014h−170 M,
α = 1.41+0.23−0.22, and σlnM < 0.08 for the single clusters. When
we include the richness and the total mass of the merging clus-
ters, the best-fit parameters areMN =0.76+0.18−0.14×1014h−170 M,
α = 1.35+0.20−0.20, and σlnM < 0.07, respectively. We find in both
cases a steeper slope thanM200∝Ncor, which conflicts with our
first assumption to make smoothed maps (Sec 2.1). However,
the discrepancy does not significantly affect the subhalo search,
because our maps sufficiently covered the wide area. There is
no significant deviation of the merging clusters in the mass and
richness relation, as seen in the small upper limit of the intrinsic
scatter. It indicates that the richness is insensitive to the merger
boost, as your expectations.
For future relevant papers, we explicitly note the best-fit nor-
malizations and slopes for M500 and M200m in the form of
eq. 13; MN = 0.46+0.08−0.07× 1014h−170 M and α= 1.43+0.17−0.17 for
M500 and MN = 0.95+0.24−0.19 × 1014h−170 M and α = 1.41+0.24−0.24
for M200m, respectively.
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3.6 Planck SZ and ROSAT LX scaling relations
In this subsection, we study scaling relations between the weak-
lensing masses and Planck SZ (Sec 2.4) and ROSAT X-ray lu-
minosity (Sec 2.5) and the merger boost of the ICM.
We compute a cylindrically integrated quantity YSZ using
two maps of public y map; MILCA (Hurier et al. 2013) and
NILC (Remazeilles et al. 2013). We split the merging sam-
ple into three subsamples using peak separations of dsh in
[0.2, 0.6], [0.6, 1.2], and [1.2, 2.4] Mpc, based on the weak-
lensing analysis (Sec 3.1). As for the single clusters, we use the
richness, Ncor, to define subsamples so that the signal-to-noise
ratio of the tangential profiles for the subsamples is as uniform
as possible and the number of each subsample is higher than
fifty. The second condition is required to compile the sufficient
number of clusters in stacked y maps. The definition of the sub-
sample is summarized in Table 1. Since all the clusters do not
always fulfill the full-depth and full-color condition for weak-
lensing analysis, the stacked ymeasurements are computed with
a weight assigned to the lensing contribution. The YSZ are
measured within 2r200 determined by weak-lensing mass mea-
surements, taking into account the large Planck FWHM. For
the merging clusters, we use the overdensity radii of the total
masses of the main and sub clusters. We obtain consistent re-
sults for the MILCA and NILC YSZ measurements (Fig. 7).
We find that the mass scaling relation with the Planck SZ
measurements is in excellent agreement with a self-similar so-
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lution (dashed line)
YSZE(z) = Y0
(
M200E(z)
M0
)5/3
. (14)
We fit the scaling relation for the single clusters with a free
slope parameter, YSZ∝ (M200E(z))α, and obtain α=1.56+0.29−0.23
(NILC) and α = 1.65+0.29−0.23 (MILCA), consistent with the self-
similar slope. We use the lognormal quantities in the linear re-
gression with the intrinsic scatter. The normalization is Y0 =
4.58+1.41−1.23× 10−6 [Mpc2] at M0 = 1014h−170 M for NICL and
Y0 = 3.91
+1.29
−1.10 × 10−6 [Mpc2] for MILCA, respectively. The
intrinsic scatter is constrained with upper limits of σlnY < 0.12
(NILC) and σlnY < 0.16 (MILCA).
The Planck SZ measurement for the merging clusters is in
overall agreement with the scaling relation. We repeat the linear
regression for the full sample, and find that the results do not
significantly change; α = 1.51+0.27−0.23, σlnY < 0.24 (NICL) and
α= 1.59+0.28−0.22, σlnY < 0.16 (MICLA). The deviations from the
best-fit scaling relation is discussed in detail later.
Planck Collaboration et al. (2016) have computed the
stacked YSZ around optically-selected clusters from the SDSS
III (Wen et al. 2012). Through the scaling-relation between the
richness and mass for a subsample of galaxy clusters, they ob-
tain the power-law slope, α = 1.92± 0.42 in the YSZ −M200
relation, although the assumed functional form of the scaling
relation is YSZE(z)−2/3 ∝Mα is different from ours. A fair
comparison of the normalization is very difficult because of the
different choices of the measurement radius and the adopted
scaling relation. Furthermore, their mass calibration is not
carried out consistently for the whole sample clusters in con-
trast to our method. As the zero-th order comparison, we ob-
tain Y0 ∼ 4 × 10−6 [Mpc2] in our definition from their val-
ues. Therefore, their measurements does not necessarily con-
flict with our results.
We next compute the stacked X-ray luminosity from the
RASS in the energy band of 0.1− 2.4 keV. The X-ray lumi-
nosity scales as LX ∝ ρ2gasV Λ(TX) by thermal bremsstrahlung
emission, where ρgas is the gas mass density and Λ is the emis-
sivity. Since the emissivity is almost constant in the soft band,
the scaling relation between the X-ray luminosity and cluster
mass have the form of
LRASSX E(z)
−1 ∝M200E(z), (15)
under an assumption of constant gas mass fraction. However,
we find that our result prefers a steeper slope (the right panel of
Fig. 7). When we fit the scaling relation for the single clusters
with a free slope,
LXE(z)
−1 = L0
(
M200E(z)
M0
)α
, (16)
we obtain α = 1.58+0.36−0.30 and L0 = 4.93
+2.01
−1.66 × 1042 [ergs−1].
We obtain the constraint on the log-normal scatter of LX as
lnσL < 0.21, which is slightly larger than that of YSZ. We re-
fit including the merging clusters, and find L0 = 4.46+1.96−1.50 ×
1042 [ergs−1], α = 1.79+0.35−0.30 and lnσL < 0.29. The slope is
slightly steeper and intrinsic scatter is larger, albeit consistent
within 1σ errors.
Rykoff et al. (2008) studied the scaling relation between
the X-ray luminosity in 0.1-2.4 keV and the total mass for
the maxBCG galaxy clusters (Koester et al. 2007) in the red-
shift range 0.1 ≤ z ≤ 0.3. They find α = 1.65 ± 0.13 and
L0 = 3.4 ± 0.4(stat) ± 0.4(sys) 1042[ergs−1], which are in
agreement with our results. Anderson et al. (2015) measured
the stack X-ray emission around locally brightest galaxies from
the SDSS, using the RASS data. They measure X-ray lumi-
nosity in 0.5− 2.0 keV and study a scaling relation assuming
LX ∝E(z)7/3Mα500, where the massM500 is estimated by their
internal technique. They obtain a steep slope, α = 1.85+0.15−0.16,
which is in good agreement with our results. We convert the
normalization from their scaling relation to ours, taking into ac-
count the difference of the energy band and M500 = 0.64M200
based on our weak-lensing measurement. The resulting nor-
malization, L0∼ 4.4×1042ergs−1, is in a good agreement with
ours. Arnaud et al. (2010) studied the LX and mass scaling
relation, at the overdensity 500, for a representative sample of
33 X-ray clusters from the REFLEX catalogue (Bo¨hringer et al.
2007). The best-fit slope for X-ray selected clusters, α = 1.64,
is consistent with that of the optically selected clusters. We con-
vert the X-ray luminosity from within r500 to within r200 using
L500/L200 = 0.96 (Piffaretti et al. 2011). The resulting normal-
ization is L0 = 1.5× 1043, ergs−1, which is about two times
higher than that for the CAMIRA clusters. Similar results are
found in shear-selected clusters. Miyazaki et al. (2018a) found
that the X-ray luminosity for the shear-selected clusters is about
half of that of X-ray clusters drawn from the MCXC clusters
(Piffaretti et al. 2011), using the same selection criteria on the
mass and redshift.
We next study the difference of the scaling relations between
the merging and single cluster samples. In order to discuss the
deviation of the scaling relation due to the merging phenom-
ena, we consider an ideal case that the two clusters of which
mass and SZ or X-ray observables of two merging clusters
perfectly follow scaling relations, X = g(M) ≡ AMα, where
M = M200E(z) and X = YSZE(z) or X = LXE(z)−1 in this
study. If X for the two clusters is conserved during mergers or
by the projection effect, the totalXtot measured within a certain
radius can be derived by
Xtot =X1 +X2 =A
1 + (M2/M1)
α
(1 +M2/M1)α
(M1 +M2)
α, (17)
where the subscripts (1 and 2) label two clusters. Therefore,
after the merger or the projection, X is deviated by a fac-
tor of fM = (1 + (M2/M1)α)/(1 +M2/M1)α from the scal-
ing relation. Since our sample is contaminated by the projec-
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tion effect, we adopt a statistical treatment in order to quan-
tify the merger boost on the SZ and X-ray observables. Based
on the projected number density of the subhalos (Sec. 3.3), a
chance probability of the projection effect for each cluster in
our sample can be calculated by integrating Σ(n)proj from the in-
nermost to outermost radii on the sky ; Pproj = 0.046+0.023−0.026 for
0.2− 0.6h−170 Mpc, Pproj = 0.154+0.079−0.088 for 0.6− 1.2h−170 Mpc,
and Pproj = 0.614+0.314−0.353 for 1.2− 2.4h−170 Mpc, respectively.
We here introduce the boost factor of bX of the ICM, caused by
cluster mergers, in the scaling relation. The scaling relation can
be statistically expressed by
Xtot =AbXfMM
α
tot(1−Pproj) +AfMMαtotPproj. (18)
Consequently, the boost factor of cluster mergers is obtained by
bX =
X/g(M)− fMPproj
fM (1−Pproj) . (19)
If bX is higher than unity, the gas observables are enhanced by
cluster mergers.
Fig. 8 shows the resulting boost factors of YSZ and LX .
We use the NICL YSZ scaling relation. We adopt the best-fit
scaling relations with free slopes. The measurement errors of
weak-lensing masses, the cluster mass ratios and the probabil-
ity of the projection effect are all taken into account. Therefore,
the errors become larger than those in Figure 7. Especially, the
large error for clusters at 1.2− 2.4h−170 is attributed to the error
of the probability of the projection effect. The boost factors of
all the single clusters and the merging clusters with peak sepa-
rations of 1.2− 2.4h−170 Mpc are consistent with unity. Hence,
once the projection effect is corrected, the scaling relation holds
for the merging clusters when the subcluster is located out-
side the main cluster. On the other hand, the merging clusters
with 0.2− 0.6h−170 Mpc and 0.6− 1.2h−170 Mpc show bL > 1
and bY > 1, respectively, albeit with a low statistical signifi-
cance level. Interestingly, the boost factors in the other scal-
ing relations are bY ∼ 1 at 0.2− 0.6h−170 Mpc and bL ∼ 1 at
0.6− 1.2h−170 Mpc, respectively. This feature statistically im-
plies that the electron number density and the electron tempera-
ture is enhanced in each subsample of at 0.2−0.6h−170 Mpc and
0.6− 1.2h−170 Mpc, respectively. Since the scaling relation we
discuss here is based on the stacked quantities, it does not al-
ways indicate that all the clusters in the subsamples are affected
by the merger boost. Since each subsample contains clusters
both before and after core passages, we cannot discuss individ-
ual boost factors without knowing the fraction of clusters before
and after core passages. Future systematic X-ray and SZE ob-
servations with high angular resolutions are essential for under-
standing gas physics involved in cluster mergers. The follow-up
X-ray and SZE observations will enable us to carry out individ-
ual cluster analysis and investigate the merger boost in scaling
relations based on individual measurements.
Krause et al. (2012) found in cosmological simulations that
major mergers within a Gyr timescale cause an asymmetric scat-
ter in the YSZ scaling relation so that the inferred mass of merg-
ing systems is biased low. They also found that clusters with
lower concentration parameters have a trend to have lower YSZ
at fixed masses. The trend conflicts with our results (Figs 2 and
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8). Shaw et al. (2008) pointed out, using adiabatic simulations,
a positive correlation between the scatter in concentration and
integrated Y parameter. Yu et al. (2015) reported that the shock
propagates out to ∼ r200 after a few Gyr from the closest en-
counter and the energy from random gas motions decays into
thermal energy over the next few Gyr. Consequently, the ther-
mal YSZ within r200 increase by ∼ 8%. Although a fair com-
parison with their results is difficult, the trend is likely to be
different from our results. Therefore, future individual cluster
analyses for our sample of the merging clusters are essential to
understand understand more precisely the merger boost and its
merger-phase dependence.
3.7 Non-detection of diffuse radio emissions and
collision velocities
It is well known that major mergers host diffuse radio syn-
chrotron emission, the so-called radio halos and relics (e.g.
Roettiger et al. 1999; Govoni et al. 2004; Venturi et al. 2007,
2008; van Weeren et al. 2010, 2011; Feretti et al. 2012). The
radio halos are diffuse radio emission around cluster centers
and relics are filamentary radio emission at cluster outskirts.
We search diffuse radio emissions in archival NVSS (1.4 GHz;
Condon et al. 1998) and TGSS (147.5 MHz; Intema et al. 2017)
data. Following de Gasperin et al. (2018), we computed spectral
index maps by matching pixel-by-pixel NVSS and beam-size-
matched TGSS maps. Here, we convolve the TGSS images with
a circular beam with the size same as that the NVSS because of
the lower resolution of NVSS. The background rms noise of the
NVSS is nearly uniform at 0.45 mJybeam−1. The rms noise
of the TGSS are locally estimated by 4σ clippings. The typical
rms is ∼ 3mJybeam−1. de Gasperin et al. (2018) discovered
the following feature; spectral index maps of radio lobes asso-
ciated with AGNs show steeper values at its outer edges than at
around its peaks. On the other hand, the spectral index gradi-
ent of radio relics is expected to be along the minor axis of the
filamentary structure. We cross-match the spectral index map
and HSC galaxy maps to identify radio halos and relics. We
also compare the NVSS and TGSS radio images with the HSC
optical images for an assessment of whether the radio sources
are associated with optical galaxies or not. However, we do
not find any strong candidates of radio relics and halos in our
sample. Almost all radio sources turn out to be associated with
member galaxies or high redshift sources.
We discuss the non-detection of radio relics and halos from
a viewpoint of the merger collision velocity. We compare col-
lision velocities of the optical subhalos with shock velocities
in merging clusters hosting diffuse radio emission. We assume√
3vlos as the collision velocity of the subhalos, where vlos is
the line-of-sight velocity estimated by matching SDSS spectro-
scopic redshifts (Sec. 3.2). The shock velocities in massive
merging clusters are measured by temperature jumps found in
X-ray observations (Markevitch 2006; Russell et al. 2011, 2012;
Akamatsu & Kawahara 2013; Akamatsu et al. 2013; Owers
et al. 2014; Eckert et al. 2016; Dasadia et al. 2016; Sarazin
et al. 2016; Emery et al. 2017). The shock features are asso-
ciated with diffuse radio emission. We assume based on the
X-ray morphology that the shock is moving on the sky plane.
The probability density function (PDF) of collision velocities is
shown in Fig. 9. Since the measurement uncertainty of X-ray
shock velocity is relatively large, the mean values and error bars
of shock velocity in each bin are computed from 10000 Monte
Carlo redistributions. The PDF of collision velocities of the
optically-defined mergers are systematically lower than that of
the merging clusters with diffuse radio emissions. The modes
of the collision velocity PDFs differ by a factor of 2.5, indi-
cating that the kinetic energy of the optically-defined mergers
is about one order of magnitude lower than that of the merg-
ing clusters with diffuse radio emissions. Assuming a con-
stant conversion from the kinetic energy of cluster mergers to a
synchrotron radio power, the radio power for optically-defined
mergers is expected to be one order of magnitude lower than the
observed values of the radio sources. It is thus very difficult to
detect diffuse radio emission in our sample in the archival ra-
dio data. The future joint search with the LOFAR Two-metre
Sky Survey (LoTSS Shimwell et al. 2017, 2018) would be pow-
erful to search diffuse radio emissions in the merging clus-
ters with the better sensitivity and higher resolution. The low-
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frequency radio telescopes like LOFAR, Murchison Widefield
Array (MWA), the Australian SKA Pathfinder (ASKAP), and
Square Kilometre Array (SKA) will be able to search diffuse
radio emission from relativistic electrons with long lifetimes in
merging clusters.
We compare our result with the PDF of the pairwise velocity
of cluster mergers in cosmological simulations (Bouillot et al.
2015). The solid black line in Fig. 9 is the PDF at z = 0.5
retrieved from Fig 12. of Bouillot et al. (2015). The selection
criteria are halo pairs with average mass M > 1014 h−1M
and distance separations < 10h−1Mpc with ΛCDM cosmol-
ogy, which is similar to our sample selection. The predicted
PDF agrees well with our results. Similar results are also re-
ported by studies of numerical simulations (e.g. Lee & Komatsu
2010; Thompson & Nagamine 2012; Kraljic & Sarkar 2015).
Thompson & Nagamine (2012) showed that the pair popula-
tion at a high end of the pairwise velocity distribution decreases
with smaller separations. Specifically, pairs with separations
< 2h−1Mpc have the maximum pairwise velocity on the order
of ∼ 1800 kms−1 at z ∼ 0.3− 0.5. However, since the num-
ber density of the pairwise velocity at v >∼ 2000kms−1 is two
orders of magnitude lower than that of v <∼ 1000 kms−1, the
theoretical prediction in the high probability velocity range is
not significantly changed by a different choice of distance sep-
arations. In contrast to the good agreement between the pre-
dicted and observed subhalo velocities, the shock velocity in
the merging clusters with diffuse radio emissions is systemat-
ically higher. One of differences between the two observing
samples is the mass; our sample of clusters has a moderate mass
M200∼ 3×1014h−170 M, whereas the merging clusters hosting
diffuse radio emissions are more massive (e.g. ∼ 1015h−170 M;
Okabe et al. 2015). Kraljic & Sarkar (2015) showed that the
fraction of halo pairs with higher relative velocities is larger
for massive halos. A large number of pairs with masses larger
than ∼ 1015 h−1M and relative velocities >∼ 2000kms−1 are
also found in Bouillot et al. (2015). Therefore, the discrepancy
between the shock and subhalo velocity distributions can be ex-
plained by a selection bias. In other words, the merging clusters
with diffuse radio emission have high collision velocities.
3.8 Stacked images of low redshift and massive
clusters
We compute stacked images, by aligning the main-subhalo
pairs, of luminous red galaxies, mass, RASS X-ray, Planck
SZE, NVSS radio at 1.4 GHz and TGSS radio at 147 MHz, in
order to understand the interplay between the baryonic compo-
nents and dark matter during cluster mergers. Since the empiri-
cal FWHM of the RASS image tracing the gas density is ∼ 3.3
arcmin, gas structures of low redshift and massive clusters can
be resolved. We therefore select 36 low redshift and massive
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clusters from the merging clusters, using the selection criteria
of z < 0.4 and Ncor > 30. The number of sampling clusters is
comparable to the minimum number of the subsamples in the
scaling relation study (Sec. 3.6 and table 1). The maps are ro-
tated such that the cluster and subhalo pair are aligned with the
x-axis in the images, with the center of the main peaks, and
then rescaled according to their corresponding angular pair sep-
aration. We denote the x-axis as the merger axis. We excluded
known point sources for the X-ray and SZE maps as in the scal-
ing relation study. As for the NVSS and TGSS images, we do
not apply exclude any point sources or extended radio lobes to
avoid artifact features. In the X-ray and radio bands, we con-
sider the changes of the beam (FWHM) sizes of each cluster
image, caused by the rotations and rescalings. The resulting
FWHMs are shown as the black circle at the bottom-left corner
of each panel of Fig. 10. For a visualization purpose, we do not
adopt the weight of lensing contribution in each map making.
The top-left and top-right panels show the number distribu-
tion of luminous red galaxies and the weak lensing mass map,
respectively. The distribution of red galaxies is concentrated
around the main and sub peaks as expected. The weak-lensing
mass map shows two peaks associated with the galaxy peaks
and an elongated distribution bridging between them. The peak-
height ratio between the sub and main halos in the mass map is
∼ 0.5, slightly lower than that in the galaxy map, ∼ 0.8.
The middle-left and middle-right panels are stacked RASS
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X-ray and Planck SZE maps, respectively. The X-ray main
and second peaks are associated with the main and subhalos,
respectively. The X-ray flux from the subhalo peak is much
smaller than from the main halo peak, indicating that the gas
halo associated with the subhalo is disrupted by ram-stripping
and/or hydrodynamic instabilities. The peak position of the sec-
ond X-ray peak is slightly offset from the subhalo center to the
main peak. Although the trend is not significant, it implies a
presence of ram pressure stripping and that some fraction of
the subsample is at the post merger phase. The central core
of X-ray emission is elongated along the merger axis, whereas
the overall distribution is oriented almost perpendicular to the
merger axis. To quantify the ellipticity, we fit the two dimen-
sional distribution with an elliptical β model convoluted with
the PSF size. The orientation angle of the major axis of the cen-
tral gas core is φe=3+14−16 deg from the merger axis. On the other
hand, the major axis of the overall distribution is φe = 61+5−4 deg
from the merger axis. When the image of each cluster is ran-
domly rotated centering the main peak, the feature disappears.
We also compute the stacked images for the subsamples divided
by peak separations. We found that the elongated gas perpen-
dicular to the merger axis is significant in the merging clusters
with 0.2h−170 Mpc< dsh < 0.6h
−1
70 Mpc. The asymmetrical dis-
tribution suggests that, as the two gas cores are approaching,
the main gas core is stretched along the merger axis, but the
gas halo outside the core is compressed along the merger axis,
and subsequently pushed outwards perpendicular to the axis
(Ricker & Sarazin 2001; ZuHone 2011; Ha et al. 2018). The
expansion is significant after the core passage, which is also
consistent with the offset feature between galaxy and gas due
to ram-pressure stripping. If there is non-zero spin-parameter,
the direction of the expansion is slightly shifted (e.g. Ricker &
Sarazin 2001). Although the elongation feature of main gas
cores along the merger axis and the destruction of gas subhalos
were reported in on-going mergers by X-ray and weak-lensing
joint analyses (e.g. Okabe & Umetsu 2008; Okabe et al. 2011,
2015; Medezinski et al. 2015), the expanding feature perpen-
dicular to the merger axis is not reported elsewhere. A caveat
is that the optically-defined merging clusters cannot distinguish
between pre- and post- merger phase. Nevertheless, high X-ray
luminosity is found in the closest-separation merging clusters
at 0.2h−170 Mpc < dsh < 0.6h
−1
70 Mpc (Fig. 7). The overall dis-
tribution of the stacked Planck SZE map is similar to the X-
ray distribution. Since the Planck FWHM is much poorer than
the RASS one, we cannot constrain the major axis of the gas
halo ellipticity. Although the stacked images suggest that the
post-merging clusters are dominant in the low redshift and mas-
sive clusters, future systematic observations by XMM-Netwon,
eROSITA, Chandra, and ActPol with high angular resolutions
will be crucial to identity cluster dynamical state of each cluster
and reveal how gas features are changed by their merging phase.
The bottom panels show the stacked NVSS and TGSS im-
ages. Very significant radio emissions (> 10σrms) are found
around the main and sub peaks. The spectral index estimated
from the two images is ∼ −1. They are radio lobes associated
with cluster galaxies. In the NVSS band, the extended radio
distribution at several σrms is found between the two peaks.
However, since these radio lobes are too bright, less signifi-
cant radio emissions are hindered by envelopes of radio lobes,
and therefore we cannot identify other diffuse emission at outer
radii.
4 Summary
We carried out multi-wavelength studies of optically-defined
merging clusters selected from the Hyper Suprime-Cam Subaru
Strategic Program. We adopted a peak-finding method of pro-
jected distributions of luminous red galaxies, and defined merg-
ing clusters with multiple-peaks and single clusters with single
peak from the HSC CAMIRA cluster catalog. Since the num-
ber of luminous red galaxies is almost conserved during cluster
mergers, in contrast to a merging cluster catalog in X-ray that
is significantly affected by the merger boost, our catalog repre-
sents a homogeneous, unbiased sample of cluster mergers. Our
main results are summarized as follows.
• Our weak lensing analysis has shown that halo concentration
for the merging clusters is∼ 70% smaller than that of the sin-
gle clusters. The low concentration is in good agreement with
predictions of numerical simulations (e.g. Neto et al. 2007;
Child et al. 2018). The concentration parameter decreases as
the subhalo distance increases within r200.
• We also conducted a two-halo component analysis to inter-
pret the stacked tangential shear profile and found that the
subhalo mass ratio to the main halo mass is >∼ 0.1. Once the
subhalo component is modeled separately, the concentration
of the main halos of the merging clusters is consistent with
that of the single clusters.
• The spatial distribution of subhalos is found to be less cen-
trally concentrated than the dark matter distribution of the
main halo, which agrees with theoretical predictions consid-
ering dynamical friction and tidal stripping of subhalos (e.g.
Gao et al. 2004; Diemand et al. 2004; Han et al. 2016). We
found that the chance probability of the projection effect of
surrounding clusters along the line-of-sight is not large at
r <∼ r200.
• Using the SDSS spectroscopic data, we have shown that most
of the subhalos are located within the caustics boundary in the
stacked velocity-space diagram.
• We estimated red fractions of cluster galaxies based on photo-
metric redshifts, and found that the red fractions of the merg-
ing clusters are comparable to or smaller than those of the
single clusters.
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Fig. 10. Stacked X-ray images (count s−1) for 36 merging clusters with z < 0.4 and Ncor > 30. The x-axis is the merger axis. The white plus and cross are
the positions of the highest and second highest peaks in galaxy maps. The black circle (elliptical) at the bottom-left corner of each panel denotes FWHM of
each stacked image. Top-left: The number distribution of luminous red galaxies. Overlaid are contours more than 3 galaxies per pixel, stepped by 2 galaxies.
Two galaxy concentrations are found around the main cluster center and the subhalo. Top-right: The weak lensing mass map. Overlaid are contours more than
1σ, stepped by 2σ. Here, σ is the 1σ uncertainty of the weak-mass reconstruction. Middle-left: The RASS X-ray map. Overlaid are contours more than 2σ,
stepped by 1σ, where σ is the noise of the stacked map. The central gas distribution is elongated along the merger axis, whereas the overall gas is oriented
almost perpendicular to the merger axis. Middle-right: The Planck SZ map. Overlaid are contours more than 5σ, stepped by 2σ. Here, σ denotes the noise of
stacked y map. Bottom-left The NVSS radio map (1.4 GHz) Overlaid are contours are [2,5,10,20,40,60,80]×σrms, where σrms is the root mean square (rms)
noise in the stacked NVSS map. Bottom-right The TGSS radio map (147.5 MHz) Overlaid are contours are [2,5,10,20,40]×σrms, where σrms is the rms noise
in the stacked TGSS map. We do exclude point sources in X-ray and SZE measurements but do not exclude radio point sources to avoid artifact features.
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• We found the tight correlation between the mass and richness
and no significant deviation of the merging clusters.
• We derived scaling relations of the Planck SZE (YSZ) and
ROSAT X-ray luminosity (LX ) with masses and found that
their slopes are consistent with and steeper than self-similar
solutions, respectively. We estimated the merger boosts on
YSZ and LX taking account of the mass ratio of the main
and sub clusters and the projection effect. The boost factors
of LX and YSZ are found to be about a factor of two for the
merging clusters at 0.2−0.6h−170 Mpc and 0.6−1.2h−170 Mpc,
respectively.
• We did not find strong candidates of radio halos and relics in
our merging cluster sample.
• The histogram of collision velocities of our samples is in
good agreement with cosmological simulations (e.g. Bouillot
et al. 2015) and ∼ 2.5 times lower than shock velocities of
major mergers with diffuse radio emission.
• The RASS X-ray stacked image, aligned with the main-
subhalo pairs, for low redshift and massive clusters, shows
that the central gas core is elongated along the merger axis
and overall gas distribution is misaligned by ∼ 60 deg. The
Planck SZE map with poor angular resolution shows the sim-
ilar elongation. The feature indicates that the ICM at large
radii are pushed outwards by colliding two clusters.
Cross-matching our merging cluster sample with the on-
going and future surveys (eROSITA, ACTPol, and LoTSS) and
follow-up X-ray, radio, and spectroscopic observations of merg-
ing clusters at various merging phases will be crucial to under-
stand the interplay between baryons and dark matter over the
whole process of cluster mergers and constrain the merger boost
more precisely. Especially, individual cluster analyses will be
able to identify merger phases and their multi-wavelength stud-
ies will prove their dynamical dependence underlying cluster
mergers.
Current peak-finding method cannot resolve a transient state
of pericenter of subhalo (e.g. Ludlow et al. 2012) due to the lim-
itation of smoothing scale. Further improvement of techniques
to find merging clusters from sparse distributions of member
galaxies is vitally important.
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